Abstract-Reliable landmine detection is still an unresolved problem. Demining operations are complex activities because of the large variety of existing landmine types, many different possible soil and terrain conditions, and environmental circumstances. Due to its ability of detecting both metallic and non-metallic objects, ground penetrating radar (GPR) is a promising method for detecting landmines that may allow faster and safer operations. As the performance of GPR is mainly governed by the target signature, the potential of discriminating target based on the presence of internal reflections could be a valuable advantage for identification and recognition process. This study demonstrates that from a set of high resolution GPR slices the internal design of the landmine can be properly imaged and characterised, confirming the applicability of the methodology and the validity of such an approach.
INTRODUCTION
Landmine contamination represents one of the most unacceptable threats posed to humanity. These devices have been spread over vast regions in an uncontrolled manner throughout the last four decades, including recent conflicts. The threat they pose is access denial to substantial areas of the world, bringing income loss, poverty and generally significant socio-economic hardship [1] . Global deaths and injuries from landmines have hit a ten-year high, with the latest available figures from 2015 showing a 75% increase on the previous year. Reported casualties describe that the majority of the victims are civilians, with almost a half represented by children [2] .
Among all techniques that are currently under development, Ground Penetrating Radar (GPR) provides a unique detection capability to achieve operationally useful performance [3] [4] . Widely accepted as a geophysical sensing tool, it uses microwave radiations to detect electromagnetic changes throughout the subsurface, and is thus capable of detecting both metallic and non-metallic objects [5] .
Considering that the majority of current landmines are moulded from plastic materials, and any metallic content is minimal or absent, this capability represents a notable advantage compared to the traditional metal detection methodology [6] [7] . In addition, it could provide high resolution 3D images of the surveyed area, allowing a deeper insight of any detected anomalies [8] [9] .
On the other hand, GPR still presents some technological limitations, mainly a prohibitive false alarm rate, due to misleading detections generated from objects other than the mine, such as roots, rocks and hollows, as well as other battlefield debris [10] [11] . The GPR signature of such objects may be comparable to that of a landmine, and this complicates the discrimination process and slows down clearance operations [12] .
As demining operations are currently very slow [13] , there is a pressing requirement to develop solutions that can offer significantly higher discrimination performance [14] . Target knowledge and characterisation are therefore fundamentals to discriminate between landmines and clutter targets, whether man-made or natural [15] [16] .
A common characteristic that can be identified for landmines and generally man-made objects is the presence, internally, of a number of components that allow the device to work [17] [18] . These assemblies, in particular when the plastic content is high, will affect the radar signature, as they act as an additional scattering contribution. This feature does not occur in natural objects, which are commonly solid dielectric items [19] .
This perspective of landmine detection represents a notable improvement in the development of GPR, considering that conventionally the technology is employed as a confirmation sensor only and not as a prime search capability.
The object of this research activity is to demonstrate the capability of GPR to provide information on the internal structure of a target and the possibility of characterising the internal structure from a set of GPR images. This potential could notably increase the level of information that can be extracted from a GPR survey.
The assessment of the achievable imaging capabilities has been carried out employing a representative inert landmine complete of all its components and a random shaped rock, representing a natural clutter object, in controlled conditions. In addition, results are validated through a comparison with the correspondent images collected from an accurately moulded landmine surrogate. The produced results, presented through a set of GPR time slices, demonstrate the GPR ability of recording the reflections generated from the target internal assemblies, underlining the potential of the methodology.
II. EXPERIMENTAL CAMPAIGN DESCRIPTION
The images presented in this paper have been acquired in a test facility available at IDS -Ingegneria dei Sistemi S.p.A, a test lane including several adjacent bays filled with different soil materials. Together with the experimental site access, to accurately and precisely scan the area, a mechanical scanner straddling the lane was provided and employed. The measurement set-up is shown in Fig. 1a and Fig. 1b. The GPR equipment employed, pictured in Fig. 2 , was an IDS Aladdin radar provided by IDS Georadar srl, a shielded ground coupled dipole antenna, spaced at 6 cm, with a central frequency and bandwidth of 2 GHz. The antenna was placed over a PVC sledge attached to the scanner. The platform has been moved along a series of parallel profiles spaced at 1 cm, controlled by the scanner stepper motor, with a distance between inline samples of 0.4 cm, controlled by an odometric wheel. The antennas were oriented parallel to the survey direction (vertical polarisation or TM mode).
Acquisition and equipment details are provided in Table I . Due to the environmental humidity, the sand was not completely dry, providing a propagation velocity of 10 cm/ns, a consequential dielectric value of 9 and a central wavelength of 5 cm.
For the experimentation, a VS-50 anti-personnel landmine complete with all its external and internal components was used. The landmine was filled with a high explosive simulant commonly used to train the UK Ammunition Technical Officers. A picture of the landmine and its disassembled components is provided in Fig. 1a and Fig. 1b , respectively.
The mine consists of a circular plastic body with vertical ribs moulded into the circumference. The mine comprises essentially three sections: (1) a main body containing the explosive charge, (2) a section carrying the fuze and the arming mechanism, and (3) the top neoprene pressure pad.
The majority of VS-50s are minimal metal mines, with a ribbed, waterproof and blast resistant plastic case. The mine incorporates an anti-shock feature which will reduce the effectiveness of landmine countermeasure techniques such as fuel/air explosives and explosive line charges [20] . Details of the target are provided in Table II . As can be noticed in Fig. 3b , the middle section includes an air pressure delay mechanism, composed of an anti-shock bladder that blocks the detonation when the force on the pressure pad is of insufficient duration.
From a radar detection perspective, the presence of such assemblies is beneficial as this affects to some degree their strength and pattern of their signature. For the target under investigation, the air layer is expected to generate an additional scattering. The goal of the experimental measurements is to detect and recognise these parts, to be able to classify whether the radar anomaly can be considered as a possible buried threat.
As the final aim is to discriminate between a landmine and a clutter objects, an irregular rock (Fig. 4a) was scanned for comparison purpose. Further on, to validate the results, i.e. to confirm that the additional reflections are effectively generated by the internal assemblies of the landmine, the corresponding simulant mine provided by Fenix Insight was also characterised (Fig. 4b) .
The surrogate is moulded from the actual mines in a resilient epoxy resin, accurately resembling in appearance the real target but without the internal assemblies. What is expected from the surrogate is an ensemble of radar images in all respects consistent with the real inert objects and characterised by a homogeneous behaviour, with no multiple and/or internal reflections.
Results are shown in terms of a set of time slices, essentially a series of radar C-scans of the volume plotting the amplitudes of the recorded data at a given time instant [21] . This allows an easy examination of the target contributions throughout its volume. Except for a time calibration to correct for jitter effects, a linear filtering to remove out-of-band noise and a spatial window, no other processing steps were applied to the data.
III. RESULTS
GPR slices for the representative VS-50 landmine are provided in Fig. 5 . Amplitude is displayed in a blue-white-red colourmap and normalised to the range [0-1] with respect to global maximum value. As a time scale can be uniquely defined for a propagation in a homogeneous medium only, the time label for each frame has not been included.
A clear indication of the presence of some internal components is evident just from a preliminary analysis of the extracted slices. From a visual perspective, the reflection disappears for a couple of slices, and then the contribution from the target emerges again. What can be identified is the presence of a highly reflective layer occurring internally after the top of the landmine. The activator plate is clearly identifiable with the early reflections, as well as the bottom of the landmine as the last collected reflections.
A particularly valuable feature is the detection of an additional internal highly reflective area, with a slightly larger extension and higher amplitude compared to the activator pad contribution. As this layer lies within the target volume, it can be considered as an internal contribution. Recalling the landmine design, its position and geometrical properties can be plainly linked to the blast resistant component. This conclusion arises from two main considerations: (1) the intensity of the reflections is visibly higher than those generated by the contrast between the neoprene pressure pad and the surrounding soil (suggesting a substantial material difference), and (2) the area described is relatively regular and the amplitudes distribution can be regarded as homogeneous.
As a countercheck of the supposed features, the correspondent slices collected from the VS-50 surrogate are presented in Fig. 6 .
The surrogate is a solid target with a representative metal inclusion; therefore a preliminary consideration is that in comparison with an air gap, a small metal inclusion has a very weak effect on the target response. Therefore, the presence of an air gap notably facilitates the detection of buried plastic cased landmines with GPR.
Examining the extracted scans, a correspondence between the surrogate and its inert equivalent cannot be found considering the target extension, as the target appears in a fewer number of slices. This is due to the neoprene pad which is a material with a velocity which is approximately 60% slower than the surrogate resin. As a figure of merit of the achieved quality of the acquisition, considering a dielectric of 3 for the surrogate, the range difference between slices is approximately 1 cm. If one assumes six as the number of slices including the entire target, this gives an estimated height very close to the actual one (5 cm).
As with the previous considerations, the target exhibits a homogeneous behaviour throughout its volume, without any evidence of contributions from internal reflections.
The joint interpretation validates the hypothesis made on the nature of the reflections previously highlighted, as the only differences between the two employed targets lies in the presence of the air gap in the upper part of the representative inert VS-50.
To confirm the efficacy of the technique and to further demonstrate the discriminant nature of this feature, the arbitrary stone shown in Fig. 4a has been analysed. The target has been chosen as it represents a common source of GPR deception, and especially because it limits the advantages of a joint MD/GPR multisensor platform. Examining other possible sources of clutter, metallic debris such as bullets, crushed cans and unexploded ordnance are easily detected with the MD and moreover they will not produce meaningful GPR results. Even if they possibly may include a structure, the incident energy will be completely reflected back to the receiver. Instead, among all the possible dielectric sources of misleading detections, rocks and stones are predominant over roots and animal burrows, and are easy to evaluate. Plastic debris can be associated with the described landmine surrogate.
The slices extracted from the illustrative natural clutter object are presented in Fig. 7 .
Two main considerations can be pointed out. First, the ensemble of extracted slices does not present any significant variations or alteration, suggesting the solid nature of the target. This suggestion arises also from the gradual decrease in the reflectivity area of the target, which follow the hyperbolic behaviour.
Secondly, the shape of the target is different from the previous case, underlining the advantage of having a wide band system and a high resolution capability. However, the shape cannot be considered as a robust feature, as it is dependent on the relative geometry between the buried target and the surveying equipment. 
IV. CONCLUSIONS
The research has provided a demonstration of the ability of GPR to detect and delineate the scattering contribution generated by the presence of internal assemblies within a target.
As landmines are mostly made of plastic, with minimal metal content, and their design is complex, the challenge is (1) to be able to image the internal details, and (2) to image them with a high enough quality so that it could be beneficial for identification and recognition. Internal assemblies, in particular when the plastic content is high, will affect the radar signature, as they act as an additional scattering contribution, hardly present in natural objects. Therefore, they could represent a clear indication of buried landmines or man-made threats in general.
The experimental campaign was carried out using a wide band GPR equipment, to achieve a sufficient resolution, fundamental feature for the research scope.
The target was an inert VS-50 anti-personnel landmine, device which includes, below the neoprene activator pad, a circularly shaped series of air gaps covering the entire landmine extension.
The high resolution GPR slices that were collected showed that the internal design of the landmine can be properly imaged and characterised, confirming the applicability of the methodology. The internal assemblies of the landmine under test were identified with a high degree of confidence, even from raw radar data. In particular, a high reflectivity area below the first occurrence of the target was identified and, due to the actual landmine design, associated to the air stratum. Obviously, the dimension of each air hole is not sufficient for the equipment to be able to individually contour the contributions, but valuable information from the GPR images can be gathered.
To confirm the hypothesis, an accurately moulded surrogate, essentially a solid replica of the landmine, was analysed to properly compare the two responses, and the results reinforced the interpretation of the cause of the additional scattering plane occurring beneath the inert landmine.
Finally, as the principal scope is to reduce the false alarm rate of the technology, a series of time slices have been extracted and examined from an arbitrary stone, considered as emblematic of the family of natural clutter objects. In this case, a homogeneous pattern has been identified, oppositely to the landmine results.
In conclusion, GPR has proven to be an effective technique for imaging the possible presence of multiple internal scattering contributions, given a suitable bandwidth. This concept is fundamental, as the detection is a matter of resolution. Equally notable is that the achieved precision, even from raw data, can be a significant advantage for target identification algorithms based on image matching.
Having understood the significance of the investigated parameters, several consequent developments could be highlighted.
First of all, a single landmine model has been examined, therefore the strategy could gain a further validation employing devices characterised by different internal design. If one considers that the internal design can uniquely define a particular family of landmines, the gap between detection and recognition, and potentially identification, can be filled without expensive computational effort..
Another valuable analysis is to check whether a change in the relative geometry could impact the performance of the methodology. This is not expected for target with a regular design, but different features may emerge from inclined targets.
Finally, to assess the robustness of the recognition strategy, effects of less cooperative soil should be evaluated, as the capability of accurately outlining the internal characteristics of a target mostly relies on the achievable resolution. 
